RESULTS
Macrophages are highly active endocytic cells which may interiorize large amounts of plasma membranes are pinocytic and phagocytic vacuoles (3, 5, (15) (16) (17) (18) . After fusion with preexisting lysosomes, the endocytic vesicles are converted into secondary lysosomes (15) (16) (17) 19) . To maintain the size and content of these structures, nondigestible materials of either soluble or particulate nature may be employed. In this study we use nondegradable disaccharities and polysaccharides as well as polystyrene beads to interiorize plasma membrane and enrich the intracytoplasmic pool of secondary lysosomes (20, 21) .
For the purpose of modifying the cell surface, brief digestion with trypsin was employed. This procedure has the advantage of not detaching the cells from the glass surface and not influencing the composition of intracellular compartments.
Effect of Trypsin.--The exposure of macrophages to 50-1000 #g trypsin/ml in TC 199 leads to reversible morphological changes as documented in Fig. 1 a and b. When the cells are replaced in 20% NBCS, recovery begins within 15 min and by 1 hr mitochondria return to the cell periphery. The effect of trypsin on the kinetics of cholesterol exchange was studied by 3H-uptake experiments after trypsin treatment, or by washout from macrophages prelabeled with cholesterol-3H and then trypsinized.
Macrophages, prelabeled for 4 hr in 20% NBCS containing 1 #Ci/ml of cholesterol-7-3H, were exposed to either 500 #g trypsin/rnl medium or TC 199 alone for 1 hr. No phospholipid phosphorus, free cholesterol, or tritium label was lost during the trypsin treatment, and cell viability was 100% (Fig. 2) . The washout of label into 20% NBCS is shown in Fig. 2 a. A decrease of at least 50% in the rate of exchange occurred in the trypsin-treated cells. This reduced rate was evident for the first 71/~ hr (7.3 + 0.2 hr for six experiments) and was followed by an abrupt resumption of exchange.
The effect of trypsin on cholesterol exchange was in both directions. Uptake of label was reduced to 40-60 % of control values as measured by a continuous exposure to radioactive medium for 6 hr. This decrease was also evident in 1-hr pulses of label up to the end of the 7th hr; then during the 8th hr the incorporation in a 1 hr pulse returned to control values.
The "recovery" of control rates of exchange was sensitive to inhibitors of protein synthesis. Cycloheximide (2 #g/ml) or puromycin (2-10 #g/ml) inhibited the recovery phase (Fig. 2 b) . The washout continued at its slow rate long after recovery was complete in the cells without inhibitor. Control cells also showed an effect of puromycin treatment after prolonged exposure (Fig. 2 c) .
Experiments were carried out to test whether the trypsin-sensitive site required a serum constituent for reconstitution. Labeled macrophages were trypsinized and incubated for 4 hr in the presence of 1-35% NBCS. The medium was then changed to 20% NBCS and the cells were observed for the next 6 hr. In all cases recovery occurred at about 71~ hr after trypsinization with no change in rate indicative of the influence of a serum factor. Cultivation of macrophages in medium containing nondegradable molecules results in the accumulation of many phase-lucent granules (Fig. 3) . Cells maintained in vitro for 72 hr in 20% NBCS supplemented with 10/~g dextran sulfate/ml (tool wt = 2 )< 106 daltons), 10 mg dextran/ml (mol wt --2 X 106 daltons) have many more phase-lucent vacuoles or secondary lysosomes found in the perinuclear zone than do controls. Cells cultivated in medium supplemented with dextran sulfate (10 ~g/ml) for at least 48 hr exhibited a slower rate of uptake of cholesterol-3H than controls. Dextran-laden cells were also studied to control for possible binding of lipoproteins to dextran sulfate (22) .
E~ect of Intralysosomal
Uptake of cholesterol-3H by macrophages grown for 72 hr in dextran or dextran sulfate was similar. On a protein basis the uptake was slower than for controls, but reached control values after 6 hr of incubation. Kinetically, this indicated that Ks, the time zero contribution of the slower exponential, was larger, and hence the slowly exchanging compartment was larger than in control cells.
Washout of label from the dextran and dextran sulfate-laden cells, pre- labeled for 4 hr, into either 10 or 20 % FCS proceeded more slowly than from control cultures (Fig. 4) . The change in over-all rate was not due to a change in the time constants of the two exponential phases, but to an increase in amount of label contributed by the slower phase. The cells cultivated in dextran or dextran sulfate medimn had increased cellular cholesterol levels, and increased cholesterol to protein ratios (Table I ). Time in isotope-free medium (hours)
FIC. 4. Washout of chotesterol-~H label from dextran or dextran sulfate-laden macrophages. Macrophages were cultivated for 72 hr in 20% NBCS only, or supplemented with 10 mg/ml dextran or 10 pg/ml dextran sulfate, labeled for 4 hr in 10% FCS containing 1/~Ci/ml cholesterol-3H, and then placed into isotope-free 10% FCS.
in the direction of underestimates. Cells filled with storage vacuoles were often more rounded than unvacuolated controls and the surface contained many invaginations, projections, and ruffles. Only the layer of granules seen in one optical plane was measured. By focusing through cells, it was obvious that most cells had four or more layers of granules. Another error in the granule area calculation occurred because granules less than 0.1 /~ in diameter could not be resolved, and were ignored in the calculation. This underestimate was particularly striking in the control cells. However, despite these limitations, the proportion of the membrane area as granule area served as an estimate of the increment in lysosomal membrane. The contribution of granule membrane area to the total membrane area increased from 3 % in the controls to 20 % in the dextran and dextran sulfate--filled cells (Table I ). The slowly exchanging compartment increased from 30% of the cholesterol in the controls to 50% of the cholesterol in the laden cells. The increase in the sizes of this compartment therefore accounted for most of the increment in cholesterol.
Effect of Intralysosomal Storage of Sucrose.--Macrophages grown in the
presence of 10 mg/ml sucrose for 72 hr were filled with phase-lucent secondary lysosomes (20) (Fig. 3 ). There appeared to be more vacuoles in the sucroseladen cells than in the dextran and dextran sulfate cells. The total incorporation of cholesterol-3H into the sucrose-laden cells was the same as into the controls. Kinetics of label washout during the subsequent 20 hr in 20 % NBCS are shown in Fig. 5 . The sucrose-laden macrophages exchanged their cholesterol more slowly than control cells. The decrease in over all rate was due to an increase in the contribution of the slowly decaying exponential phase and the time constants were not significantly changed (Table I) . Macrophages with sucrose-filled storage granules contained twice as much cholesterol as control cells (Table I ). The measurable granule area represented 40 % of the total area and the slowly exchangeable cholesterol pool increased FIO. 6. Phase-contrast appearance of a macrophage which has ingested 1.1 p latex particles. 24 hr after ingestion the refractile particles are arranged in the perinuclear area. The peripheral cytoplasm is well spread and contains rodlike mitochondria. X 1500.
to 50 % of the total. This increase accounted for most of the increase in cholesterol. Phospholipid phosphorus and acid phosphatase were also increased in sucrose-laden cells. Flask cultures contained 3.02 /~g cholesterol, 26.3 nmoles phospholipid, and 43.2 nmoles a-naphthol released/rain acid phosphatase activity in the sucrose-laden cells, compared to 1.87 #g cholesterol, 11.8 nmoles phospholipid, and acid phosphatase activity of 22.4 nmoles a-naphthol/min for control cultures. This also suggested that an increase in secondary lysosomes had taken place.
Alteration of Cellular Membrane Distribution by Phagocytosis of Latex Particles.--12 hr after macrophages had taken up 1.1 /~ latex particles (5 X 10s/ ml, 1 hr) (Fig. 6 ), they were labeled with cholesterol-~H in 20% NBCS for 5 hr. The kinetics of washout of label was followed (Fig. 7) . The over-all loss of label from latex-filled cells was slower than control, and the relative contribution of the fast and slow exponential phases had been altered. The calculated size of the slowly exchanging compartment had increased (Table II) , and the cholesterol content was accounted for by the increase in the slow pool size. Uptake of label proceeded at rates comparable to controls, resulting in the same specific activity of cholesterol, although the total incorporation per culture was greater in the cultures which had ingested latex. Kinetics of cholesterol-3H washout performed immediately after phagocytosis indicated that the rapidly exchanging compartment was decreased in size and rate for the first 5 hr. Rigorous interpretation of these kinetics was difficult because a 50% increase in cell cholesterol occurred between 5 and l0 hr after phagocytosis. * Macrophage flask cultures were exposed to 5 X 108 latex particles/ml in 200/0 NBCS for 1 hr, washed then cultivated for 8 hr. Cells were then labeled with cholesterol-3H, 1 /aCi/ml, in 20% NBCS for 4 hr, then the washout of label was followed. Control cultures were treated similarly, but the exposure to latex was omitted.
:~ Number in parentheses indicates number of determinations.
8 a) which are the end products of phagocytic and pinocytic events. The cells could be maintained in 10% FCS in MEM for more than 20 hr with greater than 95 % viability, and no change in cell protein or cholesterol content. Alveolar macrophages contain about twice as much cholesterol on the basis of protein, and nearly ten times as much cholesterol per cell as compared to peritoneal macrophages. Kinetics of label uptake in 10% FCS proceeded linearly for about 4 hr and then became asymptotic (Fig. 9 a) . On a cholesterol basis the isotopic equilibrium specific activity of the cells was virually identical to that of the medium (105 dpm//zg cholesterol). After a 14~ hr incubation in radioactive medium, the cells were resuspended in isotope-free medium. The washout of label, plotted semilogarithmically, is shown in Fig. 9 b. The rapid exponential phase had a shorter duration than in peritoneal macrophages. The kinetic parameters gave a calculated size of the slowly exchanging compartment of 54%, which was almost twice that for peritoneal macrophages. Similar results were obtained from analysis of uptake curves and in the presence of normal rabbit serum. Since the alveolar macrophages had twice as much cholesterol on a protein basis as peritoneal macrophages (Table III) , most of this increase was contributed by the slow pool, although a significant increase in the cholesterol of the fast pool also occurred.
Thioglycollate-Stimulated Mouse Peritoneal Macrophages.--Thioglycollate
cells exhibit nnmberous dense cytoplasmic granules and large vacuoles (Fig.  8 b) . These cells spread out more readily on plastic dishes, and contained three to four times the cholesterol per cell than macrophages stimulated in vitro for 48 hr in 20% NBCS (Table III) . The increased cholesterol was in the form of free cholesterol, and no cholesterol ester was detectable. The uptake of label was linear for 5 hr, then slowed to a new linear rate for the next 20 hr, and finally approached the equilibrium value (Fig. 9 c) . The kinetics of washout after a 12 hr labeling period are shown in Fig. 9 d. The die-away curve decreased much more slowly than for unstimulated macrophages. The slowly exchanging compartment contributed half of the cellular cholesterol in these cells (Table III) as calculated from both uptake and washout data. If the absolute pool sizes relative to protein are calculated, it can be seen that the increase in cholesterol is in the slow pool, while the fast pool contributes about the same amount as normal macrophages. Since the morphologically assessable number of secondary lysosomes has been increased, it is likely that the cholesterol increase is due to the increase in cholesterol-containing lysosomal membrane.
To elucidate further the nature of the increase in cholesterol, cell fractionation studies were performed. The large granule fraction, which contained 70 % of the acid phosphatase, was enriched fourfold in cholesterol, and contained 50% of the label after a 16 hr labeling period, although the specific activities in all the fractions were similar. When cells were labeled for 6 hr followed by a 10 hr washout period, the specific activity of cholesterol increased to 140% of the homogenate value, while the crude nuclear and microsomal fractions, which contained much of the plasma membrane, decreased to 70 % of the medium specific activity, in keeping with the two-pool model proposed previously (1).
L-929 Strain Mouse Fibroblasts.--L-cells differ from macrophages in having very few endocytic vesicles and secondary lysosomes, and contain larger amounts of endoplasmic reticulum (Fig. 8 c) . Kinetics of cholesterol-~H uptake proceeded linearly for 8 hr then leveled off approaching an asymptote ( :~ Long-term isotopic washout experiments could not be performed for these growing and dividing cells. Pools were estimated from uptake and partial washout curves.
§ Detectable, but too small to measure accurately. I[ A slowly exchanging compartment could not be detected.
e)
. Washout experiments were difficult to perform because these cells continued to grow and divide during the experiment. However, the washouts of short duration showed the presence of a slow component representing a K~ (time zero intercept of the slow exponential) of less than 30 %. Calculation of the relative pool sizes from uptake and washout data indicates that about 10-20% of the cell cholesterol was present in the sloMy exchanging cholesterol compartment (Table III) . Since the cholesterol content of L-cells is less than that of peritoneal macrophages, the difference in cell cholesterol appears to be due to a smaller contribution of the slow intracellular compartment. Mouse Melanoma Cells.--Melanoma cells have many polyribosomes, lipid droplets, and mitochondria, but little smooth-surfaced membrane identifiable as the cholesterol-rich type (Fig. 8 d) . Uptake of label on a cell protein basis was much less than for macrophages exposed at the same time and was re-lated to their low cholesterol content (Table III) . Rate of uptake of label was linear for 7 hr (Fig. 9 f) . Washout experiments could only be carried out over short periods because overgrowth of the cultures occurred. Only a single exponential component was evident and extrapolation of the uptake curve also indicated only a single exponential. Thus only one distinguishable cholesterol compartment was present although a slow exponential phase of less than 5 % would not be detected. (24-26), while maintaining the integrity of the cell surface. The macrophage remained firmly attached to its substrate, retained its ability to phagocytize, and exhibited rapidly reversible morphological changes. However, kinetics of cholesterol exchange were markedly altered. The rate characteristic of the rapidly exchanging compartment was reduced 40-90%, although no cholesterol was released by trypsinization. This suggests that a membrane-associated lipoprotein is not removed by trypsin. The trypsin-labile site may be involved in positioning lipoproteins at the cell surface, so that efficient exchange can take place. It requires 7 hr for the "receptor" to be replaced, a time period which may represent the synthesis of new receptors and their insertion into the membrane. In any case the regeneration of receptors is an active process which requires ongoing protein synthesis. In nontrypsinized cells, the inhibition of protein synthesis reduced receptor activity after 5 hr. During protein synthesis inhibition intracellular pools of receptor proteins may be exhausted and not replaced, while turnover occurs at normal rates. The action of trypsin at the level of the cell surface is consistent with the plasma membrane localization of the rapidly exchanging cholesterol compartment.
Morphological Identification of the Slowly Exchanging Cholesterol Compartment in
Macrophages.--Factors affecting the relative distribution of cholesterolrich cytomembranes in the macrophage altered the relative sizes of the rapidly and slowly exchanging cholesterol compartments. Extensive pinocytosis and phagocytosis of substances resistant to macrophage ]ysosomal hydrolases resulted in the increased number and size of secondary lysosomes. Increased levels of lysosomal hydrolases also were evident as a result of pinocytosis, but not phagocytosis (27, 28) . Kinetically, the contribution of the slowly exchanging cholesterol compartment to the total cellular cholesterol had increased. The increased total cellular cholesterol and phospholipid were a function of the storage granule content of the macrophage, and could be accounted for by the increase in the size of the slowly exchanging cholesterol compartment. These results are consistent with the intracellular cholesterol-rich membrane localization of the slowly exchanging compartment. The major components of this compartment are the secondary lysosomes largely derived from the plasma membrane. As will be described elsewhere, net synthesis of plasma membrane occurs after extensive endocytosis. 1 Golgi membranes may also make a minor contribution to the intracellular cholesterol compartment under these conditions (14) .
The BCG-induced alveolar macrophage and thioglycollate-stimulated peritoneal macrophages represent cells which have increased numbers of lysosomes as a result of in vivo endocytosis. In these larger macrophages exchange proceeded biphasically, and the calculated results showed equal amounts of cholesterol in the rapidly and slowly exchanging compartments. The relative increase in cholesterol was attributable to the increased size of the slowly exchanging compartment and provides further evidence for the plasma membrane and lysosomal membrane localization of the rapidly and slowly exchanging cholesterol pools. The cholesterol attributable to the rapidly exchanging compartment is in close agreement with cholesterol analyses of plasma membrane purified from alveolar macrophages (14, 29) .
L-cells and melanoma cells also exchanged their cholesterol with that of serum lipoproteins. These cell types had fewer intracellular cholesterol-rich membranes, and less cholesterol per cell, on the basis of protein. Kinetically, the slowly exchanging compartment was a minor component of the total cell cholesterol. The clear correlation of membrane distribution and cholesterol pool sizes suggests the general validity of the two-compartment model for cellular cholesterol exchange.
From Table III it is clear that the cholesterol content attributable to plasma membrane both per cell and protein is much greater in macrophages than in L-cells and melanoma cells. Although the macrophages may have more surface area, this may not be great enough to account for all the difference in cholesterol. Cholesterol content of plasma membrane may vary for different cell types. A slightly higher membrane cholesterol content could be related to an active role of macrophages in cholesterol metabolism (30) since a high proportion of cholesterol in model membranes favors the entrance of lipid (31) .
The data presented here and in the previous paper (1) demonstrate that plasma membrane cholesterol exchanges with that of the intracellular membranes. Exchange takes place in the absence of membrane flow from plasma membrane to lysosomal membrane, and reverse membrane flow is extremely unlikely (16, 17, 20) . Since membrane-membrane interactions analogous to soluble lipoproteins-membrane interactions are also unlikely by morphological criteria, an intracellular carrier may exist. Small amounts of cholesterol are found in the soluble fraction of macrophages (1), and sterol carrier proteins have been demonstrative in cholesterol biosynthesis (32, 33) . The intracellular concentration of this carrier, its exchangeability, and cholesterol-carrying capacity could be the rate-limiting step in exchange from the intracellular compartment.
We have described the metabolism of free cholesterol in macrophage membranes. The ingestion, processing, and excretion of cholesterol and cholesterol esters will be discussed in the next communication (30) .
SUMMARY
Macrophage membrane cholesterol is present in two subcellular cholesterol pools, a rapidly exchanging compartment comprising about two-thirds of the total cholesterol, and a slowly exchanging compartment comprising one-third of the total. The morphological identification of the kinetically distinguishable pools proceeded by alteration of each compartment. Trypsin treatment markedly decreased the rate of cholesterol exchange without removing cholesterol from the membrane. Recovery of normal exchange rates took more than 7 hr and required protein synthesis. This suggested that a plasnla membrane receptor is involved in positioning of lipoproteins for exchange, and is consistent with the plasma membrane localization of the rapidly exchanging compartment.
Extensive pinocytosis by nondegradable dextran, dextran sulfate, or sucrose resulted in the accumulation of many secondary lysosomes, thus increasing the relative proportion of intracellular membranes. The measurable granule membrane area, cholesterol content, phospholipid content, and the relative size of the slowly exchanging cholesterol compartment all increased. The amount of intracellular membrane altered by extensive phagocytosis of latex particles also increased the size of the slowly exchanging cholesterol compartment. This suggested that the slowly exchanging pool of cholesterol represented the intracellular membranes primarily of lysosomal origin.
Rabbit alveolar macrophages and thioglycollate-stimulated peritoneal macrophages contain many secondary lysosomes as a result of multiple bouts of in vivo phagocytosis and pinocytosis. In both of these cells the fast and slow pools are equal in size. The increased cholesterol content was attributable to the increase in the relative size of the slowly exchanging compartment. Lcells and melanoma cells also exchange their cholesterol with that of serum lipoproteins. Both cells contain few cholesterol-rich intracellu]ar membranes, and had lower cellular cholesterol contents. In these cells the slowly exchanging pool was a minor contribution to cell cholesterol. Studies with these cells provided further evidence for the lysosomal membrane and plasma membrane localization of the slowly and rapidly exchanging cholesterol compartments. 
